Despite being a complex many-body system, the atomic nucleus exhibits simple structures for certain "magic" numbers of protons and neutrons. The calcium chain in particular is both unique and puzzling: evidence of doubly-magic features are known in 40, 48 Ca, and recently suggested in two radioactive isotopes, 52,54 Ca. Although many properties of experimentally known Ca isotopes have been successfully described by nuclear theory, it is still a challenge to predict their charge radii evolution. Here we present the first measurements of the charge radii of 49,51,52 Ca, obtained from laser spectroscopy experiments at ISOLDE, CERN. The experimental results are complemented by state-of-the-art theoretical calculations. The large and unexpected increase of the size of the neutron-rich calcium isotopes beyond N = 28 challenges the doubly-magic nature of 52 Ca and opens new intriguing questions on the evolution of nuclear sizes away from stability, which are of importance for our understanding of neutron-rich atomic nuclei.
Despite being a complex many-body system, the atomic nucleus exhibits simple structures for certain "magic" numbers of protons and neutrons. The calcium chain in particular is both unique and puzzling: evidence of doubly-magic features are known in 40, 48 Ca, and recently suggested in two radioactive isotopes, 52,54 Ca. Although many properties of experimentally known Ca isotopes have been successfully described by nuclear theory, it is still a challenge to predict their charge radii evolution. Here we present the first measurements of the charge radii of 49,51,52 Ca, obtained from laser spectroscopy experiments at ISOLDE, CERN. The experimental results are complemented by state-of-the-art theoretical calculations. The large and unexpected increase of the size of the neutron-rich calcium isotopes beyond N = 28 challenges the doubly-magic nature of 52 Ca and opens new intriguing questions on the evolution of nuclear sizes away from stability, which are of importance for our understanding of neutron-rich atomic nuclei.
Similar to the electrons in the atom, protons and neutrons (nucleons) in atomic nuclei occupy quantum levels that appear in "shells" separated by energy gaps. The number of nucleons that completely fill each shell define the so called "magic" numbers, known in stable nuclei as 2, 8, 20, 28, 50, 82, 126 1 . A fundamental understanding of how these magic configurations evolve in unstable neutron-rich nuclei, and how they impact the charge radius, is one of the main challenges of modern experimental and theoretical nuclear physics [2] [3] [4] [5] [6] [7] [8] [9] .
The calcium isotopic chain (Z = 20) is a unique nuclear system to study how protons and neutrons interact inside the atomic nucleus: two of its stable isotopes are magic in both their proton and neutron number ( 40 Ca and 48 Ca), while experimental evidence of doubly-magic features in two short-lived calcium isotopes have been reported recently, based on precision measurements of nuclear masses for 52 Ca (N = 32) 6 and 2 + excitation energies for 54 Ca (N = 34) 7 . Possibly, additional doubly-magic isotopes might exist even further away from stability 10 . As a local change in the behaviour of the charge radius is expected in doubly-magic nuclei 11 , it is important to pin down the charge radius in these exotic isotopes to understand how shell structure evolves and impacts the limits of stability.
Although the average distance between the electrons and the nucleus in an atom is about 5000 times larger than the nuclear radius, the size of the nuclear charge distribution is manifested as a perturbation of the atomic energy levels. A change in the nuclear size between two isotopes gives rise to a shift of the atomic hyperfine structure levels. This shift between two isotopes, commonly known as the isotope shift, δν A,A , includes a part that is proportional to the change in the nuclear mean square charge radii, δ r 2 A,A (see expression (1) in methods). Isotope shifts of stable Ca isotopes have been extensively studied in the literature 13 , revealing the unusual evolution of their charge radii. Despite an excess of eight neutrons, 48 Ca exhibits the striking feature that it has essentially the same charge radius as 40 Ca. A fundamental explanation of these anomalous features has been a longstanding problem for nuclear theory for more than three decades (see, e.g., 14, 15 ). Quantitative scenarios have been proposed to account for some of these properties 14, 16, 17 , but so far a microscopic description was lacking.
A first estimate for the charge radius of the radioactive 49 Ca isotope was based on a failure to observe its resonance in a dedicated measurement of its isotope shift. The resulting conclusion that δν 48 High-resolution bunched collinear laser spectroscopy at ISOLDE, CERN. Short-lived calcium isotopes are produced from nuclear reactions of high-energy protons impacting on an uranium carbide target. Ca atoms were selectively ionized by using a three-step laser scheme 12 . Ions were extracted from the source and mass separated to be injected into a radiofrequency trap, where they are accumulated for typically 100 ms. Bunches of ions were extracted and redirected into the COLLAPS beam line to perform collinear laser spectroscopy experiments. At COLLAPS, the ions are superimposed with a continuous wavelength laser beam to scan the hyperfine structure in the 4s 2 S 1/2 → 4p 2 P 3/2 transition of Ca + (see text for more details). 48 Ca has been for 50 Ca, resulting in a large increase of δ r 2 48,50 = 0.293(37) fm 219 . These results raised even more exciting questions on the charge radii evolution of Ca isotopes. It suggested that the prominent odd-even staggering of their charge radii could be even more pronounced beyond 48 Ca since a reduction of the charge radius for 52 Ca would be expected as a consequence of a suggested doubly-magic nature of this isotope. Thus, the experimental determination of the charge radii of 49,51,52 Ca not only addresses fundamental questions regarding the size of atomic nuclei, but are also important for understanding the possible doubly-magic character of 52 Ca. By using high-resolution bunched-beam collinear laser spectroscopy at ISOLDE, CERN, changes in the charge radii for 40−52 Ca isotopes were obtained from the measured optical isotope shifts (see Table I ). With a production yield of only a few hundred ions per second, our measurement of 52 Ca represents one of the highest sensitivities ever reached by using fluorescence detection techniques.
The isotope shift is typically 10 6 times smaller than the absolute transition frequency between two atomic levels, and the relevant part is in turn only a small fraction of the total shift. Thus a measurement of such a tiny change is only possible by using ultra-high resolution techniques. Collinear laser spectroscopy has been established as a unique method to reach such high resolution and has been applied with different detection schemes to study a variety of isotopes [22] [23] [24] .
A major challenge of exotic nuclei is that they are produced in very low quantities and exist only for a fraction of a second. Therefore, continuous improvements have been made during the past decades to enhance the exper- imental sensitivity, without sacrificing resolution. Since the introduction of an ion cooler-buncher for collinear spectroscopy that allows bunching radioactive beams 25 , the sensitivity of the conventional fluorescence laser spectroscopy has been improved by two to three orders of magnitude. It is now possible to routinely perform experiments with beams of ∼ 10 4 ions/s 26 . In this work, we have further optimized the photon detection sensitivity and at the same time reduced further the photon background events 8 , now allowing to study calcium isotopes produced with a yield of only a few hundred ions per second. While preserving the high resolution, this sensitivity surpasses the previous limit by two orders of magnitude, achieved by an ultra-sensitive particle detection technique employed on Ca isotopes 19 . The short-lived Ca isotopes studied in this work were produced at the ISOLDE on-line isotope separator, located at the European Center for Nuclear Research, CERN. High-energy proton pulses with intensities of ∼ 3 × 10 13 protons/pulse at 1.4 GeV impinged every 2.4 seconds on an uranium carbide target to create radioactive species of a wide range of chemical elements. The Ca isotopes were selected from the reaction products by using a three-step laser ionization scheme provided by the Resonance Ionization Laser Ion Source (RILIS) 12 . A detailed sketch of the different experimental processes from the ion beam production to the fluorescence detection is shown in Fig. 1 .
After selective ionization, Ca ions (Ca + ) were extracted from the ion source and accelerated up to 40 keV. The isotope of interest was mass-separated by using the High-Resolution Mass Separator (HRS). The selected isotopes were injected into a gas-filled radiofrequency trap (RFQ) to accumulate the incoming ions. After a few milliseconds, bunches of ions of ∼ 5µs temporal width were extracted and redirected into a dedicated beam line for collinear laser spectroscopy experiments (COLLAPS). At COLLAPS, the ion beam was superimposed with a continuous wave laser beam fixed at 393-nm wavelength (see methods), close to the 4s 2 S 1/2 → 4p 2 P 3/2 transition in the Ca + . The laser frequency was fixed to a constant value, while the ion velocity was varied inside the optical detection region. A change in the ion velocity corresponds to a variation of laser frequency in the ion rest frame. This Doppler tuning of the laser frequency was used to scan the hyperfine structure (hfs) components of the 4s 2 S 1/2 → 4p 2 P 3/2 transition. At resonance frequencies, transitions between different hfs levels were excited, and subsequently the fluorescence photons were detected by a light collection system consisting of four lenses and photomultipliers tubes (PMT) (see Refs.
8 for details). The photon signals were accepted only when the ion bunch passed in front of the light collection region, reducing the background counts from scattered laser light and PMT dark counts by a factor of ∼ 10 4 . A sample of the hfs spectra measured during the experiment is shown in Fig. 2 .
The isotope shifts were extracted from the fit of the hfs experimental spectra, assuming multiple Voigt profiles in the χ 2 -minimization (see methods). The measured isotope shift relative to the reference isotope 40 Ca, and the corresponding change in the mean-square charge radius are shown in Table I . Statistical errors (parentheses) correspond to the uncertainty in the determination of the peak positions in the hfs spectra. The systematic errors in the isotope shift (square brackets) are mainly due to the uncertainty in the beam energy, which is also the main contribution to the uncertainty in the charge radius. Independent high-precision measurements of isotope shifts on stable Ca isotopes 20 were used for an accurate determination of the kinetic energy of each isotope. The stability of the beam energy was controlled by measuring the stable 40 Ca, before and after the measurement of each isotope of interest.
Our experimental results (Table I and Fig. 3) show that the root-mean-square (rms) 27 , where there is not a sizable shell gap at N = 32. Thus, the charge radius of 52 Ca is found to be much larger than expected for a doubly-magic nucleus.
With advances in chiral effective field theory (EFT) and the development of powerful many-body methods, nuclear structure theory has entered a new era in recent years. Chiral EFT allows to systematically derive nuclear forces in terms of low-energy degrees of freedom, nucleons and pions, based on the symmetries of the fundamental theory, Quantum Chromodynamics. Chiral EFT provides systematically improvable Hamiltonians, explains naturally the hierarchy of two-, three-, and higher-body forces, and allows to estimate theoretical uncertainties 28 .
Ab initio calculations based on chiral EFT interactions are able to correctly predict properties of light nuclei 31 and oxygen isotopes 32 . In addition, many-body calculations starting from a 40 Ca core provide an excellent description of the binding energies of neutron-rich Ca isotopes 6 , 2 + excitation energies 4,5,33 and ground-state electromagnetic moments 34 . However, there are also clear indications for deficiencies of some chiral EFT interactions: ground-state energies of heavier nuclei turn out to be systematically too large and radii are significantly too small 9, 35 .
Very recently, this problem was addressed by an optimization of chiral EFT interactions 9 that also included binding energies and radii of selected nuclei up to mass number A = 25 in addition to data from two-and few-body systems. Ab initio coupled-cluster calculations based on the resulting interaction (NNLO sat ) accurately reproduce both charge radii and binding energies of nuclei up to 40 Ca, and the empirical saturation point of symmetric nuclear matter. In addition to NNLO sat , we employ two chiral interactions 36 , SRG1 and SRG2, derived from renormalization group techniques 37 (see methods for details), which are fit only to properties of A ≤ 4 and predict nuclear matter saturation within theoretical uncertainties. In Fig. 3 we compare the experimental results to the charge radii obtained in our ab initio calculations and to other theoretical predictions. Figure 3 (a) shows that our calculations correctly yield similar charge radii for 40 Ca and 47, 48 Ca for the chiral EFT interactions employed. These calculations are based on the singlereference coupled-cluster method, which is ideally suited for nuclei with at most one or two nucleons outside a closed (sub-) shell 38 . Thus, we do not give theoretical results for the mid-shell isotopes 42−46 Ca and 50 Ca. We note that absolute values of charge radii are very well reproduced by NNLO sat . The interactions SRG1 and SRG2 also reproduce well the overall trend, but as they were not optimized to saturation properties can give either somewhat too low or too high saturation densities, corresponding to larger or smaller charge radii. Also shown are nuclear DFT results obtained with the Skyrme energy density functional UNEDF0 39 , which fails to describe the fine details of the experimental trend. Figure 3 (b) shows the difference in rms charge radii between 52 Ca and 48 Ca predicted with different methods and models; all being representative of modern approaches to charge radii. In general, for neutron-rich isotopes beyond 48 Ca, our ab initio calculations consistently predict an increase in charge radii for 50,52 Ca but fail short of describing the data. Similarly, DFT predictions with various models [40] [41] [42] [43] [44] [45] ; configuration interaction (CI) calculations 45 obtained from large-scale shellmodel calculations with the ZBM2 interaction 14,46 using Skyrme-Hartree-Fock (ZBM2+HF) and harmonic oscillator (ZBM2+HO) wave functions, all considerably underestimate the large charge radius of 52 Ca. The standard explanation involving quadrupolar correlations 14, 45 does not seem to improve this, as can be seen by comparing the D1S and D1S plus quadrupolar correlations (D1S+corr) results 42 in Fig. 3 (b) . (For more discussion of the impact of dynamical quadrupole and octupole effects on charge radii in the Ca chain, see also Ref.
17 .) Thus, our experimental results are truly unexpected. Speculating about the reason for these theoretical shortcomings we note that all theoretical approaches are lacking in the description of deformed intruder states associated with complex configurations.
To assess the impact of core breaking effects, which turned out to be important for the description of electromagnetic moments in this region 34 , we studied the proton occupancies of natural orbitals above the naively filled Z = 20 shell. Our ab initio calculations show a weak, but gradual erosion of the proton core as neutrons are added. While this defies the simple pattern of a rigid proton core expected for the magic Ca isotopes, the estimated magnitude of core breaking effects, including coupling to the neutrons, is not sufficient to explain the large charge radius of 52 Ca.
In summary, the charge radii of 49,51,52 Ca were measured for the first time, extending the picture for the evolution of charge radii over three neutron shell closures; a unique scenario found in the entire nuclear chart. We find that between 48 Ca and 52 Ca the charge radius exhibits a strong increase that considerably exceeds theoretical predictions. This is a surprising finding, considering that 40 Ca and 48 Ca have similar charge radii 19 , which are significantly smaller than the charge radius of 52 Ca. Our measurements are complemented by ab initio calculations that reproduce the similarities of charge radii in 40, 48 Ca but cannot account for the unexpected increase in R ch to 52 Ca. These calculations also show an increase in proton occupancies outside the Z = 20 core as more neutrons are added to 40 Ca, hinting at a progressive weakening of the Z = 20 shell closure in the neutron-rich calciums. Future experiments aim at extending the current studies to isotopes even further away from stability, especially for the possibly doubly-magic nucleus 54 Ca 7 . These results open intriguing questions on the evolution of charge radii away from stability and constitute a major challenge in the search of a unified description of the atomic nucleus.
METHODS
Laser setup The continuous wave laser beam at 393-nm wavelength was obtained from a second-harmonic generation of a Ti:Sa laser output, pumped with 532 nm light from a cw Nd:YVO 4 laser. To reduce the laser frequency drift to less than 10 MHz per day, the laser frequency was locked to a Fabry-Perrot interferometer, which was in turn locked to a polarization-stabilized HeNe laser (see Figure 1) .
Chiral EFT interactions The ab initio calculations in this work are based on interactions derived within chiral effective field theory. The interaction NNLO sat includes contributions to nucleon-nucleon and threenucleon forces up to third order in the chiral expansion, which have been fitted to selected properties of nuclei up to 24 O, so as to include information on saturation properties (see Ref.
9 for details). The interactions SRG1 and SRG2 are derived from the fourth-order chiral nucleonnucleon interaction of Ref.
47 by performing an evolution to lower resolution scales via the the similarity renormalization group 36 . The three-nucleon interactions include contributions up to third order in the chiral expansion and are fit to the binding energy of 3 H and the charge radius of 4 He at the low resolution scales. The interaction SRG1 refers to an interaction at the the resolution scales λ/Λ 3NF = 2.8/2.0 fm −1 (EM c i 's) and SRG2 to λ/Λ 3NF = 2.0/2.0 fm −1 (PWA c i 's) (see Table 1 in Ref. 36 ).
Coupled-cluster calculations Our coupled-cluster (CC) calculations are performed starting from a closedshell Hartree-Fock reference state computed from 15 harmonic-oscillator shells with an oscillator frequency of Ω =22 MeV. In CC theory correlations are included via a similarity transformation, which generates particle-hole excitations to all orders in perturbation theory. In our calculations the cluster operator is truncated at the singles and doubles level (CCSD), and also includes triples excitations in a nonperturbative but approximate way (see Ref.
38 for details). Contributions from three-nucleon forces are taken into account up to E 3max = 18 Ω for NNLO sat and E 3max = 16 Ω for SRG1 and SRG2 in the normal-ordering approximation, which has been demonstrated to be an excellent approximation for mediummass nuclei 48 . Based on the size-extensitivity of the CC method, the uncertainty of the radius results is estimated to 1% in the CCSD approximation. The uncertainties of the ab-initio results shown in Fig. 3 (b) are very small, because they are differences of correlated and very small (1%) uncertainties of each individual radius. We find 0.006 fm 2 , 0.005 fm 2 , and 0.008 fm 2 for the uncertainties of δ r 2 48,52 for the interactions NNLO sat , SRG1, and SRG2, respectively.
The results for the charge radii are computed from the point-proton radius starting from the intrinsic operator. We then correct the point-proton radius for the finite proton and neutron charge sizes, for the relativistic Darwin-Foldy term, and the spin-orbit correction. The latter is calculated consistently in CC theory. Finally, we note that the DFT results also include this spin-orbit correction. If not added in the original reference, we adopt spin-orbit corrections given by the mean of CC theory and relativistic mean-field theory.
Data analysis The measured hyperfine structure spectra were fitted with Voigt profiles of common widths for the different hfs components. The hfs centroid obtained for each isotope were used to extract the isotope shifts, δν A,A , and calculate the corresponding change in rms charge radius, δ r 2 A,A , following the expression
The mass shift, K MS , is the sum of the normal mass shift, K NMS , and the specific mass shift, K SMS . The value K NMS = 417.97 GHz u was obtained from the energy of the 4s 2 S 1/2 → 4p 2 P 3/2 transition of Ca + . The electronic field factor, F , and the specific mass shift factor, K SMS , were obtained by comparing with independent measurements of charge radii in a King-plot analysis 13 . The results: This research used resources of the Oak Ridge Leadership Computing Facility at ORNL, and used computational resources of the National Center for Computational Sciences, the National Institute for Computational Sciences. We thank Javier Menéndez for very useful discussions. We would like to thank the ISOLDE technical group for their support and assistance.
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